Abstract-Gastrointestinal (GI) motility is coordinated by several cooperating mechanisms, including electrical slow wave activity, the enteric nervous system (ENS), and other factors. Slow waves generated in interstitial cells of Cajal (ICC) depolarize smooth muscle cells (SMC), generating basic GI contractions. This unique electrical coupling presents an added layer of complexity to GI electromechanical models, and a current barrier to further progress is the lack of a framework for ICC-SMC-contraction coupling. In this study, an initial framework for the electromechanical coupling was developed in a 2-D model. At each solution step, the slow wave propagation was solved first and [Ca 2+ ] i in the SMC model was related to a Ca 2+ -tension-extension relationship to simulate active contraction. With identification of more GI-specific constitutive laws and material parameters, the ICC-SMC-contraction approach may underpin future GI electromechanical models of health and disease states.
area of research. GI slow waves occur at ∼3 cycles per minute (cpm) in the human stomach and ∼8-12 cpm in the small intestine [2] . Slow waves are generated by pacemaker cells known as the interstitial cells of Cajal (ICC), and depolarize the surrounding gastric smooth muscle cells (SMC). This is one of the mechanisms that affects coordinated GI motility, i.e., SMC contractions [4] . Dysfunction in the ICC and/or SMC is increasingly being linked to a number of functional GI disorders, such as gastroparesis and dyspespia [5] .
Existing GI mechanical models have typically modeled the movements of the GI luminal contents by imposing the mechanical deformation of the GI wall from imaging evidence [6] . The ability to link slow wave activity to motlility would offer the opportunity to translate the established multiscale continuum modeling techniques to the GI field [7] [8] [9] -in order to obtain a better understanding of the interplay of slow wave and GI motility across multiple spatiotemporal scales. However, as outlined earlier, the unique and complex physiology of the GI tract also necessitates novel adaptations and approaches. This study presents a proof-of-concept framework and perspectives for: 1) cellular electromechanical coupling of ICC-SMC-contraction; 2) simulation of slow wave propagation in a 1-D model; 3) electromechanical activity in a 2-D model representing a thin strip of GI tissue.
II. CELL ELECTRICAL AND ELECTROMECHANICAL COUPLING
In recent studies, mathematical ICC and SMC slow wave models [10] , [11] were coupled via a gap junction conductance, through which the self-excitatory slow wave activity in the ICC model initiates the slow wave activity in the SMC model [see Fig. 1(a) ] [12] , [13] . Equation (1) describes the gap junction current (I couple ) that was used to couple the slow wave activity in the ICC model to drive the SMC model:
where G couple is the gap junction conductance between the membrane potentials of ICC (V m (ICC) ) and SMC (V m (SM C) ). The ratio of ICC to SMC (η ICC ) specifies the physiological load, i.e., how many SMC an ICC depolarizes [13] . Although many details of the intracellular processes involved in GI motility are still debatable, the consensus is that contraction of SMC is initiated by myosin light chain (MLC) phosphorylation via the activation of calcium-calmodulin-dependent MLC kinase (MLCK) [4] . Complexity lies in the additional physiological factors that coregulate the sensitivity of the contractile apparatus to calcium (Ca 2+ ), such as spike activity in intestines, hormones, ENS, etc. [4] . For this initial framework, we assumed that each slow wave would initiate a corresponding SMC contraction [4] . A bimodular active force cellular mechanical model has been developed recently to relate Ca 2+ to contraction [14] . In the first module of the mechanical model, given an input of [Ca 2+ ] i from the SMC, Ca 2+ interacts with calmodulin, which activates MLCK. The second module describes the pathway of actinmyosin bridging formation, which involves MLCK phosphorylation of myosin. Contractile force F generated is proportional to the total number of bridges formed, i.e., the sum of cross bridges ([AM p ]) and latch bridges ([AM ]), in a given total myosin concentration ([M total ]) [14] , as follows:
where F max is the maximum achievable force. The active force was simulated by using [Ca 2+ ] i from the SMC model as an input to the mechanical model [see Fig. 1(b) ] [10] , [14] .
III. CONTINUUM MODELS OF ENTRAINMENT
A system of two equations, (3) and (4), constitutes the basic bidomain model, which is used to simulate propagation of slow waves at higher spatial scales [7] , [9] , [15] :
where V m and φ e are membrane and extracellular potentials, respectively. The ionic current I ion term from the ICC and/or SMC model relates the slow wave activity from the cell model to the bidomain equations. The tissue conductivity tensors σ with subscript i denote the intracellular domain and with subscript e the extracellular domain [7] , [9] , [15] . Slow wave entrainment is a well-established process by which slow waves in a group of ICC with a gradient of intrinsic frequencies phase-lock to form a wavefront [2] , [3] . Two entrainment models that can be incorporated into the bidomain equations have been proposed [12] , [13] . First, an IP 3 -dependent Ca 2+ -release model (5) was incorporated into the ICC model [12] 
where β represents IP 3 production in response to chemical stimulus agent (such as acetylcholine), η is the linear rate constant for IP 3 degradation, V m 4 is the maximum nonlinear rate constant for IP 3 degradation, P MV is the maximum rate of V m -dependent IP 3 synthesis, and K 4 and K v are the half-saturation constants for nonlinear IP 3 degradation and V m -dependent IP 3 synthesis, respectively. A full description of the parameters in (5) can be found in [12] . An alternative model of entrainment is a modified V mdependent dihydropyridine-resistant conductance (I VDDR ) model in ICC, here denoted as I PU for short [13] . Equation (6) describes the formulation of I PU :
where G PU , d PU , and f PU are the maximum channel conductance, activation gate, and inactivation gate, respectively [13] . The fraction of I PU in I VDDR conductance is denoted by d r . E CaPU is the Nernst potential of Ca 2+ in the pacemaker unit in the ICC model. A Ca 2+ -extrusion mechanism was also added to the ICC cytoplasm to maintain long-term Ca 2+ homeostasis in the ICC model
where Ca max was set to be 0.0315 μM ms −1 ; Ca 50 and k were set to 100 nM and 15, respectively. A full description of the parameters in (6) and (7) can be found in [13] .
Both mechanisms of entrainment were combined separately with the ICC model [12] , [13] , and slow waves were simulated in a 1-D linear model (8 mm in length). A total of 101 grid points, i.e., solution points, were distributed at equal spacing along the geometric element of the 1-D model. Zero-flux boundary conditions were imposed. To simulate propagation of slow waves, a linear gradient of ICC intrinsic frequencies (3-2.68 cpm) was prescribed to the 1-D model. The slow wave activity at each grid point was self-excitatory at the prescribed frequency and occurs independently of each other in a decoupled setting, i.e., no entrainment. No stimulus current term was used to invoke an electrical propagation [9] . 
IV. 2-D MODEL OF ELECTROMECHANICAL ACTIVITY
where Ca max was set to 0.6 μM and T 0 is the maximum isometric tension. The values of the nondimensional slope parameter β, Ca 50 , and Hill coefficient h were set to 1.45, 1.95, and 2.5, respectively; these values were estimated by minimizing the rootmean-square error between a set of isometric tension-[Ca 2+ ] i recording from guinea-pig taenia coli [16] and the simulated isometric tension using (8) [see Fig. 2(a) ]. A full description of (8) can be found in [8] . The isometric tensions were then simulated over a range of extension ratios λ [see Fig. 2(b) ]. The pole-zero constitutive law was used to describe the passive mechanical behavior of the tissue [8] . The limiting strains in the fiber and sheet directions were specified as the strains corresponding to maximum stress obtained during uniaxial tensile testing on human small intestine [17] . The second Piola-Kirchhoff stress tensor was used to relate the tension in the reference configuration to areas in the reference configuration. Zero displacement boundary conditions were imposed.
The LSODA and Euler solvers were used to solve for the intracellular and extracellular domains of slow wave activity, respectively, as previously described [12] . The cell models were encoded using the CellML standard [18] . The mechanical deformation was solved using the Newton-Raphson method. At each solution step, the electrical propagation was solved first and then the mechanical deformation was solved to update the mechanical parameters in the geometric elements.
The local deformation was quantified by calculating the area of each column of elements in the 2-D model at each solution step. The average tension generated by the 2-D model was also calculated at each solution step. 
V. RESULTS AND DISCUSSION

A. Entrainment Models
Decoupled slow waves' activity is shown in Fig. 3(a) . In both cases, the entrainment models produced a constant velocity (∼12 mm · s −1 ), in accordance with physiological data [2] . Rather than a V m -thresholdbased propagation mechanism, the entrainment models actively propagate slow waves through coupled ICC slow waves in the 1-D model, while the decoupled slow waves may contribute to ectopic sources of entrainment in disease states.
B. Electromechanical Model
Electromechanical coupling was achieved in a 2-D multiscale model, as shown in Fig. 4 . The electromechanical activity resulted in a dynamic regional deformation of the 2-D model that followed the slow wave propagation. The geometric elements in column 1 of the 2-D model deformed first, followed sequentially by columns 2-8.
The deformations of the geometric elements in column 1 led to extension in the areas of the remaining elements in the 2-D model. The peak deformation occurred in column 1 at 0.54 s [see Fig. 5(a) ]. The tension developed monotonically in a sigmoidal profile [see Fig. 5(b) ]. The development of tension in both the cell model [see Fig. 1(b) ] and the 2-D model was delayed relative to the onset of slow wave activity. 
C. Limitations
There are a number of important limitations in this initial model that warrant further discussion. One limitation is the absence of a mechanoelectrical feedback mechanism at the cellular level. For example, the mechnosensitive Na v 1.5 sodium conductance to mechanical stretch has been quantified in a recent study [19] . Updating the cell models to include Na v 1.5 could offer a potential mechanoelectrical mechanism in the model. Furthermore, Na v 1.5 is of clinical interest because mutation of this channel is associated with dysmotility [5] . This model offers potential to predict the functional effects of such mutations at the tissue level.
Another limitation is the application of the pole-zero constitutive law in this study. A key feature described by the pole-zero law is the difference in limiting strains in each of the main microstructural axes in the tissue; this has also been observed in human intestinal tissue [17] , and incorporated into the 2-D model. The remaining material parameters were left with cardiac-specific values. Future GI-specific strain field data from appropriate biaxial tests can be used to properly adapt the constitutive law to describe the passive mechanical properties of GI tissue. Additional parameter values in the constitutive law can be identified through optimization procedures. Similarly, the steady-state Ca 2+ -tension-extension relationship used to model the active tension generation in this study could be updated with the bimodular model [14] .
Furthermore, it has been postulated that a V m -threshold may exist for more vigorous mechanical contractions in the GI tract [2] . Incorporation of complementary modeling studies is required to include the role of ENS, which acts as a major coregulator of GI motility [1] , [3] . A proposed extension to the bidomain equations could serve as a bridge between our framework and ENS models [15] . Furthermore, there are many motor patterns in different parts of the GI tract during different states, e.g., fed versus unfed, and the coordinations of these motor patterns are dependent on the complex interactions of many control mechanisms [1] , [3] . Much details of these processes are still under investigations, and future GI electromechanical models will need to incorporate these mechanisms as further details become available.
VI. CONCLUSION
This study presents an initial GI electromechanical model, demonstrating potential for relating slow waves to motility in a multiscale framework, thereby integrating a vast volume of experimental data. The model may be expanded in future to incorporate other coregulators of GI motility, e.g., ENS [1] , to help interpret and predict the relative contributions of each mechanism to integrated motility patterns and control. The model may also be applied to show how mechanical deformation affects the propagation of slow waves. We further anticipate clinical applications, to understand the effects of slow wave disorders on tissue level function, including ICC/SMC ion channelopathies.
